Summary Maturity-onset diabetes of the young (MODY) is a form of non-insulin-dependent diabetes mellitus characterised by an early age of onset and an autosomal dominant mode of inheritance. Only a proportion of cases are due to mutations in the glucokinase gene. We have studied five Caucasian MODY families, including the first MODY family to be described, with five candidate genes implicated in regulation of insulin secretion. The affected subjects showed more marked hyperglycaemia than that found in subjects with glucokinase mutations. We assessed polymorphic markers close to the genes for glucokinase, hexokinase II, adenosine deaminase, pituitary adenylate cyclase-activating polypeptide receptor, and glucagon-like peptide-1 receptor. Linkage analysis with diabetes gave cumulative log of the odds (LOD) scores of less than -3, implying that mutations in these genes are unlikely to provide a major genetic contribution to this form of MODY. [Diabetologia (1995) 
Non-insulin-dependent diabetes mellitus (NIDDM) is likely to have a genetic basis in view of the different incidences between ethnic groups, the familial nature of the disease and the high concordance in identical twins [1] [2] [3] . The use of linkage analysis to study candidate genes in families with classic, late-onset NIDDM is problematic because family studies do not indicate simple Mendelian inheritance [4, 5] and the late age of onset and early mortality make it diffi-cult to obtain large multigeneration families suitable for genetic studies [6] . NIDDM is likely to be heterogeneous, with mutations in several different genes being liable to induce hyperglycaemia [7, 8] .
A subgroup of NIDDM, maturity-onset diabetes of the young (MODY) provides a specific phenotype, with presentation often before age 25 years, that is inherited as an autosomal dominant trait [9, 10] . Mutations in the glucokinase (GCK) gene were first found in pedigrees with MODY [11, 12] and may account for half of the MODY pedigrees [13] . The nature of the genetic lesion in the other families is unknown. The first gene implicated in the development of MODY was identified by exclusion mapping in the large RW pedigree, with the observation of linkage with markers close to the adenosine deaminase (ADA) gene [14] . The affected members have recently been shown to have beta-cell dysfunction [15] . Identification of other pedigrees linked with adenosine deaminase (ADA) would be helpful in the further localisation of the gene in chromosome 20 q.
Whereas NIDDM may result from defects in insulin action as well as insulin secretion [16, 17] the available data suggest that MODY is primarily due to beta-cell deficiency [12, 18] . Genes that could regulate insulin secretion are candidates for mutations that could lead to MODY, include glucokinase and hexokinase II (HK-2), since the latter is also expressed in beta-cells [19, 20] . Beta-cell sensitivity to glucose is regulated by several hormones, including acetylcholine, glucagon, and glucagon-like peptide-1 (GLP-1), and their receptors are potential candidate genes [21] . The recently described pituitary adenylate cyclase activation polypeptide (PACAP), which is a member of the secretin/glucagon/vasoactive intestinal peptide family of peptides, is a particularly potent stimulator of insulin secretion from pancreatic islets, at 10 -l~ to 10 -9 mol concentration [22] .
We report the results of linkage analyses of these candidate genes for regulation of beta-cell secretion with MODY in five Caucasian families, including the first MODY pedigree described by Tattersall [9] . We report the phenotype in these families, which show more marked hyperglycaemia and more often require pharmaceutical therapy than in the milder disease associated with glucokinase mutations [23] .
Subjects and methods
Subjects. Five Caucasian MODY families are shown in Figure  1 . They live in London, Oxford, Leicester, Norwich and Edinburgh and were referred by diabetologists. Each family had three patients with NIDDM diagnosed before the age of 25 years and included sufficient members for linkage studies.
Phenotype. Table 1 shows the age of onset, initial therapy and current status of patients in the pedigrees studied. Pedigree 1 is the original MODY pedigree described as "M" [9] .
Y. Zhang et al.: Maturity-onset diabetes of the young studies of diabetes in the general population. Five liability classes for MODY were defined on the basis of age (class 1, > 50 years; class 2, 41-50 years; class 3, 31-40 years; class 4, 21-30 years; class 5, < 20 years). The penetrance factors for heterozygous and homozygous genotypes used for MODY were 0.99, 0.95, 0.90, 0.80, 0.60 for heterozygosity and 1 for homozygosity at all ages. Since the clinical presentation in these families was similar to that for classic NIDDM, phenocopy rates for each liability class were those of the prevalence of NIDDM in the UK 0.03, 0.005, 0.001, 0.001, and 0.0001 respectively. For comparison, the characteristics of patients in two large MODY pedigrees BX and AX, due to a missense mutation of the glucokinase gene, are also shown [23] . Table 1 shows that the patients were non-obese and presented at median age 17 years, when 50 % were initially treated by diet and 50 % by oral hypoglycaemic agents or insulin. When recently assessed, at median age 29 years, the subjects were not obese, median body mass index (BMI) 23 kg. m -2. Onethird were treated by diet at median age 26 years and had median fasting blood glucose levels 7 mmol/ 1. One-third were treated by oral hypoglycaemic agents at median age 43 years and had median fasting blood glucose levels 10 retool/1. One third were treated by insulin at median age 26 years and had median fasting blood glucose level 7 mmol/1.
Results
Figure i shows family trees with the genotypes for the PACAP-R polymorphism [28] in the MODY pedigrees. Table 3 shows the LOD scores at a recombination fraction (0) of 0.00 for each family for the markers studied. The cumulative LOD scores for each marker were less than -2.0. The maximum positive LOD scores that could be achieved in these five pedigrees are 4.0, 2.3, 1.4, 3.3 and 8.4, respectively, with a cumulative maximum of 19.4, Genetic studies. DNA was extracted from peripheral blood using either the standard phenol/chloroform method [24] or Nucleon II DNA extraction Kit (Scotlab, UK). Subjects were genotyped at simple tandem repeat DNA polymorphisms (STRPs) near ADA, GCK, HK2, PACAP-R, and GLP-1R (Table 2 ) using the polymerase chain reaction (PCR). The ADA STRR D20Sl19, is different from that used by Bell et al. [14] . The data for GLP-1R have been published previously [25] . The PCR products were separated by electrophoresis on a non-denaturing polyacrylamide gel and bands were detected by ethidium bromide staining.
Linkage analysis. Each family was considered separately for linkage analysis performed with the software LINKAGE program (version 5.1) assuming dominant inheritance [26] . As candidate genes were being examined, LOD (logarithm of the odds for linkage vs non-linkage) scores were primarily calculated with the recombination fraction theta (0) equal to zero. Values at other recombination fractions were determined to provide an exclusion map around those markers and are available from the authors. Liability classes were based on age-related penetrance, calculated from the incidence of diabetes in first-degree relatives of MODY patients [27] and prevalence
Discussion
In only one [12] of the six large UK MODY pedigrees we investigated has a glucokinase mutation been identified. None of the five pedigrees reported in this study were linked to the glucokinase gene, the cumulative LOD scores for the two markers being -11.5 and -17.6, respectively. This contrasts with the report from France that glucokinase mutations account for over 50 % of MODY pedigrees [13] . This difference may result from ascertainment bias. We have primarily sought large pedigrees suitable for linkage analysis. The pedigrees were referred by diabetologists caring for adult diabetic patients, and were noticed because several members of the pedigrees had presented with symptomatic NIDDM before age 25 years. The French MODY pedigrees were often referred by paediatricians when mild diabetes was detected in the second decade and affected relatives were identified by screening asymptomatic relatives. This resulted in collection of a mild phenotype. Patients with glucokinase mutations frequently have impaired glucose tolerance rather than diabetes; most family members are asymptomatic and the sub-clinical diabetes rarely leads to complications [12, 23] . On the other hand, our more hyperglycaemic pedigrees with The largest reported MODY pedigree is the RW pedigree in which linkage has been identified with markers close to the ADA chromosome 20. They also often require oral hypoglycaemic or insulin therapy and have impaired beta-cell function [15] . The localisation of the gene linked with diabetes in the region of ADA would be greatly aided by additional pedigrees, similar to the RW pedigree, but none of the large pedigrees we have studied are linked with markers close to ADA. It seems that the RW type of diabetes is likely to account for a minority of MODY.
These large pedigrees were not linked to either the glucokinase or hexokinase II genes. Whilst hexokinase II is predominately expressed in muscle and adipocytes, it is also expressed in beta-cells [19, 20] . The remarkable increase of beta-cell and alpha-cell responsiveness to glucose by pharmacological infusions of GLP-1 in NIDDM [29] show the potential for defects in the response to the hormones that regulate beta-cell function via a cyclic-AMP-dependent process. PACAP is the most potent hormone of this class [22] , but we found that neither the PACAP receptor nor the GLP-1 receptor [25] were linked to diabetes in the MODY families studied.
Linkage analysis in pedigrees is a powerful tool for examining the role of candidate genes in the aetiology of inherited diseases with a defined mode of transmission [30] . Families with MODY are particularly amenable as they have a clearly discernible autosomal dominant inheritance and the early age of onset allows ascertainment of affected members over three generations [6, 31, 32] . When doing linkage analysis, the parameters for age-related liability classes were chosen to take into account the prevalence of NIDDM in the general population and the apparent age-dependent penetrance in MODY pedigrees. The search for genes can be done by two complementary methods; by the candidate gene approach, as was successful with glucokinase, or with exclusion mapping, as in insulin-dependent diabetes mellitus [34] .
We found no evidence of linkage with MODY for the five candidate genes that we studied in these ramilies. The results were not dependent on the models chosen and were, for instance, not affected by doubling the phenocopy rate or by increasing or decreasing by 50 % the penetrance of the putative MODY gene. Diabetes in these pedigrees had some similarities to that in patients with classic, non-obese NIDDM, including similar beta-cell deficiency [12, 23, 34] . Identification of the genes relevant to betacell dysfunction and their exclusion in this form of MODY may be relevant to NIDDM as well as to MODY, but the candidate genes tested so far are not implicated in MODY [35] .
